This study developed a partial nitrification (PN) and anaerobic ammonia oxidation (Anammox) process for treating high-ammonia wastewater using an innovative biofilm system in which ammonia oxidizing bacteria grew on fluidized Kaldnes (K1) carriers and Anammox bacteria grew on fixed acryl resin carriers. The airlift loop biofilm reactor (ALBR) was stably operated for more than 4 months under the following conditions: 35 ± 2 C, pH 7.5-8.0 and dissolved oxygen (DO) of 0.5-3.5 mg/L. The results showed that the total nitrogen removal efficiency reached a maximum of 75% and the total nitrogen removal loading rate was above 0.4 kg/(d·m 3 ). DO was the most efficient control parameter in the mixed biofilm system, and values below 1.5 mg/L were observed in the riser zone for the PN reaction, while values below 0.8 mg/L were observed in the downer zone for the Anammox reaction.
INTRODUCTION
The anaerobic ammonium oxidation (Anammox) nitrogen removal process has been recognized as a cost-effective strategy that exhibits low energy consumption and does not require inputs of organic carbon. In recent years, this process has attracted considerable attention from the scientific community (Sobotka et al. ) , and more than 100 Anammox plants have been built worldwide (Yeshi et al. ) . However, the growth rate of Anammox bacteria is very slow, and the doubling time is longer than 1 month (Bertino et al. ) . Therefore, an optimal environment must be developed for Anammox bacteria, such as by reactor/carrier modification, to improve the Anammox growth rate and facilitate practical operations.
Reactor modifications have been implemented to obtain a faster growth rate and improve mass transfer (Liu et al. ; Gao et al. ; Wang et al. ) . Although Anammox bacteria have been observed in fluidized bed reactors (Mulder et al. ) , sponges and nonwoven carriers are the optimal carriers and show improved nitrogen removal loadings for Anammox cultures (Fujii et al. ; Qiao et al. ) . A combination of partial nitrification (PN) and Anammox can be performed in separate reactors (Van Dongen et al. ) or within a single reactor (Furukawa et al. ) . Compared with the two-stage PN-Anammox process, single-stage processes, such as completely autotrophic nitrogen removal over nitrite (CANON) (Vázquez-Padín et al. ), oxygen limited autotrophic nitrification denification (OLAND), deammonification, and singlestage nitrogen removal using Anammox and partial nitritation (SNAP), require smaller spaces and can prevent accumulated nitrite inhibition (Bertino et al. ; Cho et al. ; Hoang et al. ) .
The airlift loop biofilm reactor (ALBR) is a kind of multiphase reactor based on the conventional bubble tower and has been applied in chemical engineering, bioengineering and waste water treatments. Compared with other bioreactors the ALBR has obvious advantages such as simple structure, continuous operation, homogeneous mixture and less power consumption (Fu et al. ; Xu et al. ; Behin ) . Furthermore, the homogeneous shear stress inside is suitable for organism growth and promotes ALBR's wide application in biotechnology (Wang et al. ) .
The objective of this study was to develop a single-stage ALBR in which a simultaneous PN-Anammox process is easily performed and maintained by controlling the dissolved oxygen (DO) concentrations with the goal of enriching ammonia oxidizing bacteria (AOB) and Anammox bacteria in the different zones, i.e. AOB in the high-DO zones and Anammox bacteria in the low-DO zones.
MATERIALS AND METHODS

Reactor and operation design
An ALBR with fluidized K1-type carriers and fixed acryl resin carriers was designed for a single-stage PN-Anammox process ( Figure 1 ). The double-tube structure effectively separated the two functional zones with different DO conditions. The riser zone was aerated and oxygen limited, whereas the downer zone between the two tubes was anaerobic. The geometrical construction parameters have key influence on mass transfer and flow pattern in ALBR. Zhu et al. (Zhu et al. ) think that the ratio of height to diameter can affect the flow situation of liquid and gas distinctly and the low ratio of height to diameter may lead to vortex and backmixing easily, while high ratio may lead to appearance of bubbles in the downer zone, suggesting that the proper ratio of height to diameter may more than 3. Ratio of draft tube diameter to reactor has a large effect on liquid recirculation velocity. Considering the liquid circulation velocity and gas holdup, the diameter ratio of draft tube to reactor should be in the range of 0.6 to 0.8, and 0. 7 is the optimal. The height of bottom clearance can affect local flow structure in bottom zone, and its height should be equal to the width of the downer. The detail geometrical construction is shown in Figure 1(b) and Table 1 . The total working volume of the ALBR was approximately 2.5 L. The hydraulic retention time (HRT) of the ALBR was approximately 17-55 hours and the temperature was controlled at 35 ± 2 C. The reactor was composed of Plexiglas tubes with a wall thickness of 5 mm; detailed structural parameters are shown in Figure 1 
The influent was synthetic wastewater in this study and the process was divided into two phases according to the nitrite (NO 2 À -N) concentration: 50-80 mg/L nitrite in phase I (days 1-51) and 0 mg/L nitrite in the influent starting on day 52.
Seed sludge and carriers
The nitrifying seed sludge was collected from a local wastewater treatment plant in Dalian. The anaerobic sludge was acquired from a laboratory-scale Anammox reactor. The nitrifying carriers were a type of biological particle known as K1 (YUDU Co. Ltd, China) ( Figure 1 and a suitable density that is nearly identical to the density of water (Bertino et al. ) . The K1 carriers were placed in a sequencing batch reactor (SBR) for cultivation and biofilm culturing for 40 days. The Anammox carrier was a hydrophilic net-type acryl resin fibre material (BX, NET Co. Ltd, Japan) ( Figure 1 (b) in appendix) that was prefilmed in the Anammox reactor for more than 100 days.
Composition of synthetic waste water
The composition of the synthetic wastewater is shown in Table 2 (Gao et al. ) . NaHCO 3 was used as the source of inorganic carbon. The pH of the synthetic wastewater was between 7.5 and 8.0. A detailed list of the nitrogen compounds in the influent and the operation strategy is provided in Table 3 .
Analytical methods
The concentrations of NH 4 þ -N, NO 2 À -N and NO 3 À -N were analyzed by a spectrophotometric method (Cho et al. ) using an ion chromatograph (UV-1800, Shimadzu, Japan). The DO concentration in the reactor was measured using a portable DO meter (JB-2, Iinesa, China), and the pH was measured using a pH meter (METTLER TOLEDO FE20, USA).
SEM imaging
Scanning electron microscopy (SEM) was used to observe the biofilm on day 120. The samples were first washed three times with distilled water and then frozen at À50 C for 1 hour. The frozen samples were vacuum dried (pressure less than 30 Pa) for 3 hours in a freeze dryer and then analyzed using a FEI QUANTA 450 SEM (FEI USA, Inc.).
FISH analysis
To provide a more detailed analysis of the AOB and Anammox communities, fluorescence in situ hybridization (FISH) was carried out on the biofilm sample on day 120. SituInconstruct FISH probes NSO190, Nsm156, Nsv443 labelled by red fluorochrome Cy3 (Xu et al. ) was used to detect AOB bacteria in the samples, and SituInconstruct FISH probe Amx820 (5 0 -CAAAACCCCTCTAC TTAGT GCCC-3 0 ) labelled with red fluorochrome Texas red-12-dUTP (Invitrogen, Japan) was chosen for Anammox detection. SituInconstruct FISH probes EUB338 labelled with green fluorescein isothiocyanate (FITC)-12-dUTP (Invitrogen, Tokyo) was to mark other bacteria (Mobarry et al. ) . Some K1 from the riser zone and some pieces of acryl resin carrier from the downer zone were picked out to be detected at the end of the operation. Hybridizations of the samples were performed in 20 mM Tris-HCl buffer, pH 7.2 containing 0.9 M NaCl, 0.01% sodium dodecyl sulphate (SDS), 30% formamide, and the labelled probes as described by Amann et al. 
RESULTS AND DISCUSSION
Nitrogen removal performance
During the initial period (days 1-51), the influent NO 2 À -N concentration ranged from 30-80 mg/L to ensure high Anammox bacteria activity ( Table 2 ). The nitrogen removal performance is shown in Figure 2 . The results showed that the total nitrogen (TN) removal efficiency ranged from 30% to 70% and the ammonium and nitrate oxidation efficiencies were 66.1% and 19.5%, respectively, during this period. In the first 7 days, obvious Anammox reactions were not detected. On day 5, 26.3 mg/L of NO 2 À -N and 12.2 mg/L of NO 3 À -N were detected in the effluent, indicating that nitrification was successfully achieved in the reactor. On day 6, 30 mg/L of NO 3 À -N was detected in the (Figure 2(a) ), which was attributed to the growth of nitrite oxidizing bacteria (NOB) because Anammox bacteria were inhibited under the high aeration conditions. The Anammox bacteria were therefore inhibited by high DO and substrate competition from the AOB and NOB in the absence of nitrite. Over the next 7 days, 30 mg/L of NO 2 À -N was added to enhance the Anammox activity. Accordingly, the TN removal efficiency sharply increased, which indicated that the activity of the Anammox bacteria successfully recovered. Approximately 50% of the ammonium and 60% of the nitrite were removed, whereas the NO 3 À -N concentration in the effluent decreased slightly (average of 21.2 mg-N/L). This result indicated that the NOB remained activated in the ALBR. In addition, the total inorganic nitrogen removal efficiency was 55%.
Over days 16-30, the concentration of the influent NH 4 þ -N increased and the NO 2 À -N concentration remained unchanged ( Table 3 ). The TN removal efficiency was 56%, whereas more than 50% of the NH 4 þ -N and 10% of the NO 2 À -N were removed. The effluent NO 3 À -N concentration was only 22 mg/L, which indicated that less nitrogen was oxidized to nitrate and the NOB activity was weakened during this time period. Concurrently, Anammox carriers showed an increase in red colour and the surface of the Anammox carriers was covered in bubbles. Over the next 3 weeks (days 31-51), the nitrogen volumetric loading rate (NLR) increased to 0.3 g-N/ (m 3 ·d) and the effluent nitrogen concentrations gradually decreased as shown in Figure 2 . Sixty per cent of NH 4 þ -N and 80% of NO 2 À -N were removed and only 20 mg/L of NO 3 À -N was produced. The amount of NO 3 À -N produced only accounted for 10% of the total influent nitrogen, which demonstrates that Anammox bacteria became the dominant source of nitrogen removal in the ALBR. From day 52 to 120, the single-stage PN-Anammox reaction was successfully achieved with NH 4 þ -N (100-200 mg/L) as the sole nitrogen source, and the N compound concentrations and nitrogen removal performance is shown in Figure 3 . Nitrogen loading rate largely increased and the HRT decreased (17 hours) ( Figure 4 ). Over days 33-55, the HRT was shortened from 55 hours to 33 hours (Figure 4 ) and the influent NLR increased from 70 g-N/(m 3 ·d) to 101 g-N/(m 3 ·d). The nitrogen removal loading rate (NRR) increased from 37.34 g-N/(m 3 ·d) to 52.85 g-N/(m 3 ·d) at a TN removal efficiency of 58%, which demonstrates that high AOB and Anammox bacteria activity was achieved in the ALBR. On day 69, although the influent NH 4 þ -N was decreased to 100 mg/L, the NLR reached values as high as 194 g-N/(m 3 ·d) because of the HRT being reduced to 17 hours. On day 82, the NRR first decreased (85 g-N/(m 3 ·d)) and then increased to a maximum of 145 g-N/(m 3 ·d). This finding indicates that the Anammox and AOB in the ALBR reached high levels of ammonia nitrogen removal and a stable phase of combined completely autotrophic denitrification. Over days 80-120, the average NLR increased to 403 g-N/(m 3 ·d) and the HRT was 17 hours. Figure 4 shows that only 1.3 mg/L of NH 4 þ -N, 7.37 mg/L of NO 2 À -N and 27.89 mg/L of NO 3 À -N were detected in the effluent on day 114. In addition, the amount of NO 3 À -N produced (27.9 mg/L) accounted for 14% of the NH 4 þ -N that was consumed (203.7 mg/L), which was slightly higher than the standard proportion of the Anammox reaction (Bertino et al. ) . These results demonstrated that the Anammox reaction produced all the observed nitrate and the NOB were inhibited in the ALBR. On day 120, the K1 carriers with the attached AOB sludge and the acryl resin fibre carriers with the attached Anammox sludge were removed from the reactor, dried for 2 hours at 105 C in an electrothermal blowing dry box, and subsequently weighed. The total weight of the AOB sludge on 60 K1 carriers was 16.4 g, whereas the total weight of the Anammox sludge was 7.1 g. The average biomass NRR was 2.16 g-N/(g-mixed liquor volatile suspended solids (MLVSS) (d·m 3 )) in this process, which was slightly higher than that in the other processes (Lieu et al. ; Yongtao et al. ) .
NLR and TN removal efficiency
The profiles of the NLR, NRR and TN removal efficiency throughout the setup phase and stable phase are shown in Figures 2(b) and 3(b) . Over days 1-25, the average removal efficiency was only 30%, which was a result of the powerful aeration. After modifying the aeration system, the TN removal efficiency increased to more than 60% on day 42. In the following 2 weeks, the NLR reached 102.3 g/(m 3 ·d) and the NRR reached 61.3 g-N/(m 3 ·d) (Figure 2(b) ) on day 51. From day 52 onward, the NLR increased as the HRT reduced. When the NLR reached 403.2 g/(m 3 ·d) on day 120, more than 300 g/(m 3 ·d) of ammonia nitrogen was removed through the single-stage Anammox process and the TN removal efficiency was above 75% (Figure 3(b) ).
The results from all other single-stage Anammox processes, such as CANON, OLAND and SNAP, were compared with the results of this study (Table 4) used a gas-lift reactor in the CANON process and although a 42% nitrogen removal efficiency was obtained the process was not easily attainable at the laboratory or production scale because of the costly requirement of a maximum gas flow of 0.2 L/min for both 95% Ar/5% CO 2 and compressed air. Yongtao et al. (Yongtao et al. ) used an SBR with a working volume 4.6 L as a CANON reactor and 82% nitrogen removal efficiency was obtained; however, the MLVSS was more than 2.8 g/L and the average biomass NRR was 0.20 g-N/(g-MLVSS(d·m 3 )), which was much less than the average biomass NRR 2.16 g-N/(g-MLVSS(d·m 3 )) in this study. Some large-scale and complicated bioreactors such as membrane bioreactors (MBR) (Zhang et al. ) and rotating biological contactors (RBC) (Pynaert et al. ) have been applied in CANON or OLAND processes in recent years. They all achieved a fairly high NRR and TN removal efficiency of more than 80%; however, the expensive equipment and operational costs are prohibitive at a larger scale. Table 3 shows that the nitrogen removal efficiency rate was higher than that of most of the other processes, which indicated that the special design of the ALBR was suitable for single-stage autotrophic Anammox processes. The fluidized AOB biofilm attached on the K1 carriers could quickly oxidize ammonium to nitrite because of the high rate of mass transfer, and the Anammox biofilm could maintain a high activity under low DO conditions. However, additional studies on the modification of oxygen zones and carrier packing ratios should be performed to further enhance the nitrogen removal loading and efficiency.
Effect of DO on the PN and Anammox reactions
The aeration rate and mode should be strictly controlled throughout the entire operation because the Anammox reaction is highly anaerobic and AOB have a higher affinity for oxygen than NOB (Corbalárobles et al. ) . Adjustments to the aeration were performed in the first week, and the relationship between the aeration rate and the effluent nitrogen concentration is shown in Figure 5 The specific growth rate of the NOB was higher than that of the Anammox bacteria under high DO levels, e.g. >3.9 mg/L, and thus most of the NH 4 þ -N was oxidized to NO 3 À -N. Based on the consumption of NH 4 þ -N (41 mg/L) and the concentration of NO 3 À -N in the effluent (6.5 mg/L; Figure 5 ) at the aeration rate of 0.03 vvm, a combined nitrogen removal process was successfully achieved. Intermittent aeration was adopted starting on day 15 after unstable aeration within the reactor in the first two weeks. The entire aeration period was 4 hours, which included 0.5 hours on and 3.5 hours off ( Figure 6 ). The DO in the inner tube gradually increased to the maximum value (3.5 mg/L) at the end of aeration and then decreased to a stable value (1.5 mg/L). The DO variation in the gap was similar to that in the riser zone, although the maximum value (2.2 mg/L) and minimum value (0.8 mg/L) were lower than those in the inner tube. The DO in the gap continued decreasing below 0.5 mg/L, even after aeration had ceased. The DO distribution was therefore suitable for the co-occurrence of AOB and Anammox in the ALBR.
The average DO concentration in the riser zone and downer zone was studied throughout the entire operation ( Figure 6 ). The average DO concentration was 1.3-2.0 mg/L in the riser zone and 0.7-1.0 mg/L in the downer zone from day 15 at the start of intermittent aeration. The DO meter probe could not be placed deep enough into the gap because of the reactor structure and only the DO concentration near the gas-liquid separation could be tested. The DO concentration in the middle and bottom of the anaerobic zone would therefore be lower than the observed value in Figure 6 and was always kept below 0.7 mg/L for Anammox (Yin et al. ) . The DO concentration gradient in both the riser zone and the downer zone should be carefully investigated in future studies.
SEM images
The SEM results are shown in Figure 7 and the images indicate that the thickness of the AOB biofilm is between 0.2 mm and 0.7 mm and the main bacteria were coccus and short bacillus (Figure 7(a)-7(c) ). The biofilm on the acryl resin fibre carrier in Figure 7(d) , 7(e) and 7(f) shows that the compact biofilm aggregated throughout the carrier. Figure 7 (f) clearly shows many cauliflower-type aggregates in the carrier, which demonstrates that the Anammox bacteria flourished in the acryl resin.
FISH analysis of the biofilm
FISH and CLSM images of combined process biomass are shown in Figure 8 . Figure 8(a) shows that Anammox bacteria (the red) is dominant in the biofilm attached on acryl resin carrier and are wrapped by some AOB bacteria (the blue) and other bacteria (the green), which indicates the Anammox reaction was dominating in the downer zone. A large area of blue can be seen in image Figure 8(b) , which indicates AOB stained by fluorochrome Cy3 and was wrapped by a little unknown bacteria (the red). No obvious Anammox (the green) was detected in this image maybe because the strict anaerobism led to their inactivation in riser zone.
CONCLUSION
A novel internal ALBR was designed to achieve nitrogen removal from high-ammonia wastewater via a single-stage PN-Anammox process. The enriched AOB on the fluidized K1 carriers and Anammox in the fixed acryl resin carrier generated considerable improvements in the NRR, which reached a maximum of 402 g/(m 3 ·d). The TN removal efficiency also reached above 75%. Moreover, PN was facilitated via intermittent aeration, which did not inhibit the Anammox reaction. It is shown in FISH images that Anammox bacteria dominated in the downer zone while AOB dominated in the riser zone. Ammonium nitrogen removal is therefore feasible with a single-stage PN-Anammox process, and a pilot-scale study is expected in the future. 
